A genomic DNA library of the rumen bacterium Streptococcus bovis was constructed in Escherichia coli, and recombinant plasmids able to complement proA and proB mutations of the host were found. Southern hybridization and restriction analysis showed that a 3.5-kb fragment of S. bovis DNA contained two genes, organized in an operon and coding for enzymes functionally similar to the glutamylphosphate reductaseglutamyl kinase enzyme complex that in E. coli catalyzes the first step of proline biosynthesis. Complementation of the E. coli mutations was observed with the fragment inserted in both orientations, which suggested that the S. bovis proBA operon was transcribed from its own promoter. Genetic and biochemical data suggested that the proline biosynthetic pathway of S. bovis is similar to the one previously characterized for E. coli.
The facultative anaerobic bacterium Streptococcus bovis is a prominent bacterial species in the rumen fluid when livestock are maintained on a starch-rich diet (13, 16) . Under those conditions, S. bovis grows very rapidly and causes lactic acid accumulation which can exceed the buffering capacity of the rumen fluid. When the rumen pH is acidic, the growth of other ruminal bacteria is inhibited and the acid-resistant S. bovis becomes the predominant bacterial species (15) . Acidic pH of the rumen fluid is a potentially pathological condition that can cause acidosis in livestock, a common problem that reduces the animal food intake and may cause rumen ulceration and even death (18) .
Although S. bovis grows more rapidly when peptides and amino acids are provided, it can grow with ammonia as the only nitrogen source (14) . The ability of S. bovis to synthesize and even secrete several amino acids under particular environmental conditions (1, 19) suggests that this organism may have an important role for livestock nutrition, at least within the limits of nonpathological conditions.
It is believed that genetic manipulation of rumen bacteria will result in improved efficiency of livestock production. In this respect, a limiting factor is the lack of physiological, biochemical, and genetic studies of important rumen bacteria. Therefore, the characterization of S. bovis genes involved in amino acid biosynthesis and secretion is of particular interest.
This paper reports the isolation and a partial characterization of S. bovis DNA coding for two enzymes of the biosynthesis of proline, an amino acid involved in bacterial osmoregulation (3) . Genetic and biochemical data show that S. bovis utilizes a proline biosynthetic pathway similar to the one occurring in Escherichia coli (8) and Serratia marcescens (12) . The two S. bovis cloned genes are grouped in an operon whose physical organization is similar to that of the E. coli proBA operon, with the proB gene, coding for glutamyl kinase, and the proA gene, coding for glutamylphosphate reductase, as the promoter-proximal and * Corresponding author.
promoter-distal parts, respectively, of the operon. We also show evidence suggesting that S. bovis proBA transcription in E. coli is driven by S. bovis sequences. This is in agreement with previous observations indicating that the E. coli RNA polymerase can promote transcription from S. bovis sequences (2, 6) .
MATERIALS AND METHODS
Plasmids and strains. The E. coli strains used were HB101 (proA2 leuB), ID150 (proA2 argE3), ID183 (proB28), ID307 [proA(BA)], and ID308 (proC); S. bovis T7 was isolated from the rumen fluid of Bubalis bubalis (1) . All the plasmids used contained S. bovis DNA cloned into the E. coli low-copynumber vector pACYC177 (see Fig. 4 ).
Media. E. coli strains were cultured in Luria broth. S. bovis T7 was grown in medium as described by Hespell and Whitehead (10) , under partially anaerobic conditions. Chemicals. Al-Pyrroline-5-carboxylic acid was synthesized and purified as described by Williams and Frank (20 The reactions occurring in E. coli are indicated by thin arrows. ProAB, ProC, ArgABCD, ArgE, and ArgFIGH indicate the enzymes involved in proline and arginine biosynthesis. Thick and broken arrows indicate specific reactions occurring in B. subtilis and C. sporogenes, respectively (4) . min at 37°C, sodium dodecyl sulfate was added to a final concentration of 1% and the chromosomal DNA was extracted as described by Gilbert et al. (5) . All other DNA manipulations were performed as described by Sambrook et al. (17) . RESULTS 
AND DISCUSSION
A fragment of Streptococcus bovis DNA complements mutations in the proBA operon of Escherichia coli. Chromosomal DNA was extracted from S. bovis T7 and completely digested with HindIII, and a gene library was constructed in the E. coli low-copy-number plasmid pACYC177, linearized with HindIII. The recombinant gene bank was screened for plasmids able to complement the proA mutation carried by E. coli HB101 (proA leuB). Seventeen clones were able to grow in the absence of proline, after plating of the transformation mixture on minimal medium supplemented with leucine. Plasmid DNA, extracted from the 17 clones, was shown to contain a 3. plasmids, named pSB2, was chosen for further characterization.
Chromosomal DNA was extracted from E. coli and S. bovis, digested with HindIll, and used as a probe against the 3.5-kb HindIII fragment of plasmid pSB2 in a Southern blot experiment. Figure 1 shows that specific hybridization was detected only with S. bovis DNA, which ruled out the possibility that complementation of the proBA mutations of E. coli strains was due to a recombination event between the E. coli chromosome and plasmid pACYC177.
Plasmid pSB2 was used to transform a series of E. coli strains carrying mutations in proA, proB, or proC and was able to support the growth, in the absence of proline, of E. coli strains mutated in proA and/or in proB but not in proC (data not shown).
From these results, it was possible to infer that the 3.5-kb fragment of S. bovis DNA cloned in plasmid pACYC177 contained sequences coding for one or more gene products involved in the proline biosynthetic pathway.
Proline biosynthetic pathway of S. bovis. To our knowledge, three different pathways have been described so far for proline biosynthesis in bacteria (Fig. 2) (4) . In E. coli, three enzymes, glutamylphosphate reductase (EC 1.2.1.41), glutamyl kinase (EC 2.7.2.11), and A1-pyrroline-5-carboxylate reductase (EC 1.5.1.2), encoded by proA, proB, and proC, respectively, are responsible for the conversion of glutamic acid to proline. In gram-positive bacteria, ornithine is converted to proline either directly by the action of an ornithine cyclase (Clostridium sporogenes) or indirectly through the formation of Al-pyrroline-5-carboxylic acid, catalyzed by an ornithine transaminase (Bacillus subtilis) (4) (Fig. 2) .
Since the S. bovis DNA contained in plasmid pSB2 complemented E. coli mutations inproA and proB but not in proC, it is possible to state that it does not code for an ornithine cyclase-like enzyme. Therefore, the proline biosynthetic pathway of S. bovis appears to be different from the one characterized for C. sporogenes. Complementation of the proA and proB mutations of E. coli could then be due either to ornithine transaminase activity similar to the one characterized for B. subtilis or to glutamylphosphate reductase-glutamyl kinase activities analogous to those of the well-characterized enzymes of E. coli. To distinguish between these two possibilities, E. coli ID150 (argE3 proA2), which is auxotrophic for both proline and arginine (Fig. 2) , was transformed with plasmid pSB2. Growth of the transformed strain ID151 (ID150/pSB2) was observed on minimal medium plates supplemented with either ornithine or arginine. Since arginine catabolism to ornithine is unlikely (7), the latter observation suggested that the S. bovis fragment codes for protein(s) with glutamylphosphate reductase-glutamyl kinase activities rather than for an ornithine transaminase activity. Thus, the proline biosynthetic pathway of S. bovis appears to be similar to the one previously characterized for E. coli (9) and for S. marcescens (12) .
Biochemical characterization of proline-inhibitable glutamylphosphate reductase and glutamyl kinase activities of S. bovis. To confirm the hypothesis that the S. bovis DNA contained in plasmid pSB2 codes for glutamylphosphate reductase-and glutamyl kinase-like enzymes, these activities were assayed in crude extracts of E. coli ID307 [proA(BA)] transformed either with plasmid pSB2 or with the vector pACYC177. Figure 3A shows (9) . Native molecular masses of 235 and 39 kDa for glutamylphosphate reductase and glutamyl kinase activities, respectively (Fig. 3B) , were measured by gel filtration chromatography.
From these experiments, it is possible to conclude that the S. bovis DNA fragment contained in plasmid pSB2 codes for two distinct enzymes, functionally similar to the well-characterized activities that in E. coli catalyze the conversion of glutamic acid to A'-pyrroline-5-carboxylic acid. This biochemical analysis supports the genetic data indicating that in S. bovis the proline biosynthetic pathway differs from the ones characterized in other gram-positive bacteria such as C. sporogenes and B. subtilis and is, instead, similar to the E. coli and S. marcescens pathways.
Physical organization of the proBA operon of S. bovis. Figure 4 shows the physical map of the 3.5-kb fragment of S. bovis DNA cloned into plasmid pACYC177. The fragment was further characterized by analyzing the complementation pattern of plasmid pSB3, containing a 3.5-kb HindIII fragment identical to the one carried by plasmid pSB2 but inserted into plasmid pACYC177 with opposite orientation (Fig. 4A) , and of a series of in vitro deletions (Fig. 4B) . A BAL 31-generated deletion of about 600 bp at one end of the fragment (plasmid pSB8) specifically eliminated complementation of aproA mutation while it did not affect complementation of a proB mutation. A deletion of about 500 bp at the other end of the fragment (plasmid pSB4), as well as deletions of larger parts at either end of the fragment (plasmids pSB5 and pSB6), completely abolished complementation of mutations in both proA and proB genes.
Expression of the S. bovis DNA when inserted, with opposite orientation, in plasmids pSB2 and pSB3, together with the complementation pattern obtained from plasmids pSB4 and pSB8, suggested that E. coli RNA polymerase starts transcription from an S. bovis sequence, in analogy to earlier studies on the expression of lac (6) and amy (2) genes. Moreover, the complementation pattern of plasmids pSB4, pSB5, pSB6, and pSB8 (Fig. 4B) suggested that the glutamylphosphate reductase and glutamyl kinase activities of S. bovis are encoded by two genes, here called proA and proB, respectively, by analogy to the E. coli designations. The two genes seem to form an operon whose promoter is contained in the region deleted in plasmid pSB4 and in which proB andproA are the promoter-proximal and the promoterdistal genes, respectively (Fig. 4C) .
